Introduction
Ozone is one of the most studied molecules in the Earth's atmosphere. Much of this research has involved the stratosphere, where man-made compounds destroy ozone in the southern polar regions during the austral spring (for a summary, see Bojkov [ 19951) . As a result of the long-term ozone database developed by this research, solar proton events are now known to modulate stratospheric ozone [e.g., Thomas et al., 1983; McPeters and Jackman, 1985] . Energetic electrons are also modulated by solar activity, but even the most energetic can penetrate only to the mesosphere and upper stratosphere before depositing their energy [Thorne, 1977; Baker et al., 1993] . As a result, relativistic electron precip- itation events (REPs) were considered a possible source for ionization-induced chemical changes in the stratosphere and mesosphere [Thorne, 1977] . We describe here an attempt to detect these effects during what we consider an optimum energetic electron event, the highly relativistic electron event of May 1992.
Satellite measurements show large enhancements of the electron flux at relativistic energies (E > 1 MeV) throughout the inner magnetosphere during geomagnetic storms Ini tially, the injected electrons fill the entire pitch angle range, but those within the bounce loss cone rapidly precipitate into the atmosphere so that the evolution of the system becomes dominated by the slower process of pitch angle diffusion• Stably trapped electrons are scattered into the loss cone by magnetospheric waves via an energy-dependent process that takes fi'om several days to months to remove the electrons. The most significant and longest lasting precipitating fluxes measured by the particle environment monitor (PEM) h•ghenergy particle spectrometer (HEPS) instrument on the Upper Atmosphere Research Satellite (UARS) are observed to be in the range of magnetic L shell parameter 3 < L <_ 4• (For a magnetic coordinate we are using the MclIwain L shell, where L -1/cos2(A) and A is the invariant latitudeø) These enhanced electron fluxes at relativistic energies are termed highly relativistic electron events (HREs).
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Based on satellite data observed at geosynchronous orbit, HREs are most pronounced during the declining phase of the solar cycle, increasing in intensity, spectral hardness, and frequency of occurrence as the solar cycle reaches minimum [Baker et al., 1979 [Baker et al., , 1986 [Baker et al., , 1987 [Baker et al., , 1993 Rostoker et al., 1998 ]. From comparisons with lower-altitude satellites [Imhof et al., 1991] , and from our rocket study of a modest HRE [Herrero et al., 1991; Baker et al., 1993 ], it •s apparent that a significant fraction of the outer zone electrons associated with an HRE will eventually reach the middle atmosphere, where they can strongly influence the electrodynamics and composition (e.g., 03 and OH) of that region [Goldberg et al., 1995a,b] . As the drift period of electrons with E > 0.1 MeV is less than I hour [Wait, 1994] 
UARS Particle Measurements
From PEM
The PEM HEPS instruments on UARS provide pitchangle-and energy-resolved measurements of the low-altitude electron flux between 30 keV and 5 MeV [Winningham et al., 1993] . For the present analysis the pitch angle resolution in the measurements is used to distinguish those electron fluxes which are stably trapped (i.e., they have estimated mirror altitudes above 100 km) from those in the bounce loss cone (BLC). The latter will directly precipitate into the atmosphere.
Estimates of the precipitating electron flux were derived from the HEPS measurements by counting B LC flux measurements only when the full angular range of a sensor is within the BLC. If the loss cone is filled by small-angle scattering, this procedure tends to underestimate the total precipitating flux because it is biased against measurements at the edge of the BLC, where that flux would be more intense [Imhofand Gaines, 1993] . Therefore the estimated decreases in ozone due to these electrons are lower limits; larger decreases would not necessarily have been inconsistent with these predictions.
The direct measurement of the precipitating electron flux at low altitude provided by HEPS is more reliable than estimates based on measurements from, for example, geosynchronous satellites, or by scaling total electron flux measurements. As shown by Gaines et al. [1995] , temporal variations in the electron flux intensity and their energy distributions can vary significantly between the trapped and precipitating components. In particular, the trapped flux is seen to last longer than the precipitating flux. We will show some of the differences for the period October 1991 through November 1993. In this paper, daily averages of the electron fluxes within L shells are used to illustrate the electron input. Although such a procedure tends to average out small-scale variations in space or time, the short drift periods of the energetic electrons considered here tend to spread the electron flux along the L shells. This reduces the effects of the diurnal variations in the magnetic field on the flux amplitude [Vampola and Gorney, 1983] . Hemispheric variations, where fluxes in the Southern Hemisphere are typically larger than in the Northern Hemisphere, are also averaged out in this analysis. We believe that this is most appropriate for our study, recognizing that locally and on small scales, larger chemical effects might be observed.
As we now show, the highly relativistic electron fluxes of 
Predicted Loss of Ozone Due to Electron
Precipitation From the measured precipitating electron energy spectra, we have derived the energy deposition height profiles using techniques of Goldberg et al. [1984] . For May 18, 1992, Figure 3 shows the ion pair production rate (Q) profiles for two bands of L = oe -4-1/8 and for one large burst. We found that the zone of maximum energy deposition was centered about L = 3.75. From these profiles it is apparent that even for the day-averaged electron fluxes, large quantities of ions are produced down to 50 km, far deeper than produced during other kinds of electron precipitation events. As another example, evidence of an ionospheric C region near an altitude of 50 km was found during an HRE in 1990 [Goldberg et To understand the presentation and analysis of the ozone data, it is necessary to review the diurnal cycle of mesospheric ozone. A simplified chemistry for mesospheric ozone 
Concentrations of the
Net: O3+O • O2+O2, This accounts for the rapid dropoff in ion-related HOx production with altitude above 70 km and is within 5% of their rates for the ion production rates in Figure 3 . We input an assumed continuous sources of HRE-related HOx production for the ion production rate curves in Figure 3 into both models at 65øN to predict Figure 4 . The peak computed ozone decrease due to a burst of HRE precipitation is about 22% at 0.4 mbar (• 70 km), calculated assuming the burst HRE flux continued for several hours. However, as the probability of detecting the response to a burst is quite small, we also include the ozone changes due to the day-averaged fluxes, which should be more easily measured. In particular, we can average ozone measurements to increase the signal-tonoise ratio of the data. The peak computed ozone decrease is now 8% or so, a smaller depletion but one that should be seen if data with sufficient signal-to-noise ratio exist.
UARS HRDI Ozone Measurements
The UARS measurements can be used to help quantify interior region where the electron-induced changes are absent. Mesospheric winds would tend to dilute the chemical changes by moving material through the irradiation region, reducing the efficacy of the HRE electrons in changing the composition. We also note that both photochemical models assume that the HRE ion source is constant in time and space for periods longer than a day and areas large compared to the mixing region.
Although we have analyzed one of the most intense and longest-lasting HREs seen during the prime mission of UARS, we found no measurable effect on ozone in the middle mesosphere (this work) or the upper stratosphere and lower mesosphere [Pesnell et al. 9 1999 ] of the Northern Hemisphere. However, given the more intense electron fluxes in the Southern Hemisphere, LST-resolved ozone observations in the south may yet reveal an HRE-related ozone depletion. In the absence of a consistent, measurable effect, the current results cast doubt on the long-term significance of the effect that highly relativistic electron events have on the overall ozone budget of ozone in the mesosphere and upper stratosphere. In particular, the sensitivity of mesospheric ozone to the water vapor content creates a large uncertainty in whether this effect is an important contribution to the long-term evolution of the mesosphere.
